T he short-term risk of stroke or death of surgically treated patients having a symptomatic carotid stenosis has been shown to be similar in younger and older patients (<70 years [5.7%] versus ≥70 years [5.9%]).
T he short-term risk of stroke or death of surgically treated patients having a symptomatic carotid stenosis has been shown to be similar in younger and older patients (<70 years [5. 7%] versus ≥70 years [5.9%] ). 1 In contrast, a meta-analysis of 3 large randomized controlled trials (EVA-3S, SPACE, ICSS) revealed that the risk of stroke or death after carotid artery stenting increases significantly with age (<70 years [5. 8%] versus ≥70 years [12.0%]). 1 A similar trend (although not significant) has also been found in asymptomatic patients, particularly when sex was taken into account. 2 These observations might be explained by embolism derived from ruptured plaques or sheared-off arterial calcifications caused by guidewire manipulations during carotid artery stenting procedures. 3, 4 In addition, multivariable analyses of pooled randomized controlled trial data on symptomatic patients showed that men have had a higher risk of stroke or death when treated with carotid artery stenting compared with carotid endarterectomy (9.0% versus 5.5%, respectively). 1 In contrast, no significant differences were found in women. 1 This discrepancy in the available data raises the question of whether age and sex are associated with differences in plaque morphology or plaque composition.
The pathophysiological development of an atherosclerotic plaque is a long-lasting and dynamic process. 5 The development of atherosclerosis begins already at an early age. However, the incidence of clinically apparent atherosclerosisrelated cardiovascular events increases only at an advanced age. [6] [7] [8] [9] [10] In Germany, the prevalence of extracranial carotid artery stenosis (>50%) is ≈6.9% in patients aged >65 years but increases further with age. 4, 11 Among all ischemic stroke events, ≈15% were caused by arterioarterial embolization from extracranial atherosclerotic carotid artery stenosis. 4 In
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contrast, in coronary arteries, acute angina underlies the consequences of rupture or erosion of the plaque surface and subsequent luminal thrombus formation. 12, 13 It is also known from coronary artery disease that fibrous plaques are mainly associated with stable syndromes, whereas atheromatous plaques are more often related to unstable syndromes. 14 So far, only a few morphological studies have reported that increasing age is associated with a decrease in plaque stability. [14] [15] [16] [17] In contrast, plaque calcification increases with age. 16 A drawback of most of the previous studies was the small number of patients evaluated and that these studies mainly focused on a single factor associated with aging. To date, there have only been few studies dealing with pathomorphological changes in plaque composition during aging with a larger number of patients. 15, 17 For example, van Oostrom et al 17 observed that with increasing age, the morphology of atherosclerotic plaques changes significantly toward that of unstable lesions, without distinguishing between men and women. Only one available study also dealt with sex-specific aspects of plaque morphology. 15 The purpose of this study was to analyze the differences in morphological characteristics of human carotid plaques with regard to sex, age, and history of neurological symptoms. The study results should improve our knowledge of the underlying pathohistological characteristics and possible morphological predictive factors of differing stroke risks.
Methods
Study Population
Between 2004 and 2013, atherosclerotic plaques and corresponding blood samples were collected from 832 patients. All patients were examined by an experienced neurologist within 2 days before and after the operation. The indication for surgical treatment was based on national and international guidelines. 4 The degree of stenosis was routinely assessed with Doppler ultrasound. In most cases, computed tomography or magnetic resonance angiography was also performed for cerebral imaging or to determine the grade of carotid stenosis. Inclusion criteria for carotid specimens in this study were (1) sufficient quality of plaque tissue for histological and morphological characterization and (2) availability of corresponding patient history and clinical data, including history of neurological symptoms, history of coronary and peripheral artery disease, medication history, and the presence of risk factors of atherosclerosis, such as smoking habits, hypertension, chronic kidney disease, diabetes mellitus, or hyperlipidemia. Finally, specimens from 763 patients were eligible for further analyses. Characteristics of the corresponding patients are given in Table 1 .
This study was performed according to the Guidelines of the World Medical Association Declaration of Helsinki and was approved by the local ethics committee of the Technische Universität München. Written informed consent was obtained from all patients.
Histological Analysis of Atherosclerotic Plaques
All specimens were prepared as follows. The plaque was cut into 3 to 5 segments of 3 to 4 mm each depending on the total plaque size. Afterward, all segments were embedded in paraffin (formalinfixed paraffin embedded) following overnight fixation with formalin (4%) and ethylenediaminetetraacetic acid treatment for decalcification of specimens before embedding in paraffin blocks. Slides (5 µm) were stained using standard protocols for hematoxylin and eosin and Elastica van Gieson staining. Atherosclerotic plaques were classified according to the American Heart Association guidelines [18] [19] [20] [21] [22] (Table I in the online-only Data Supplement). Classification was determined independently by 2 experienced investigators, blinded for patient characteristics and study outcomes. In ambiguous cases, third party adjudication was provided by an experienced pathologist.
In 153 cases, plaques had similar characteristics of both American Heart Association type VI (mainly lesions with intraplaque hemorrhage) and American Heart Association type VII (predominately calcification) classes. Therefore, these specimens were classified as type VI/VII (named complex plaques; Table I in the online-only Data Supplement).
In addition, plaque features, such as cellularity, content of collagenous and elastic fibers, the amount of calcification, inflammatory infiltration, and neovascularization were determined by performing light microscopy using semiquantitative scoring on an 8-point ordinal scale (ranging from absent [−] to strong positive [+++] ). The histological examination was performed by 2 experienced investigators as described for classification of plaque types. (23) ACE indicates angiotensin-converting enzyme; CHD, coronary heart disease; and PAOD, peripheral arterial occlusive disease. *According to diagnosis guidelines valid in the year of operation. †Current and former smokers. ‡As specified in medical records or stated by the patient.
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Histological classification and characterization was performed separately for each segment. Standardized classification of the whole plaque was based on the most relevant segment, according to the following criteria: (1) plaque vulnerability (unstable>stable), (2) plaque type (complex plaque>VI>V>VII), (3) inflammatory infiltrates (strong positive>absent), and (4) content of collagenous fibers (absent>strong positive). These features were weighted in the order 1, 2, 3, and 4. This procedure was developed and validated by experienced pathologists.
Definition of Lesion Stability (Vulnerability)
Lesion stability was assessed as described by Redgrave et al. 23 Unstable lesions were either ruptured or rupture-prone plaques with thin-cap fibroatheroma of thickness <200 µm over a large necrotic core. Stable lesions were plaques with thick-cap fibroatheroma of ≥200 µm or without a lipid/necrotic core.
Statistical Analysis
For statistical analyses, SPSS for Windows version 22.0 (SPSS Inc, Chicago, IL) and the statistical software package R (Open-Source, Version 3.1.2) were used.
Logistic regression was used to analyze the association between the stability of the plaque (stable versus unstable) as the dependent variable and the independent variables, such as age, sex, neurological symptoms, arterial hypertension, diabetes mellitus, hyperlipidemia, smoking, history of coronary heart disease, history of peripheral artery disease, antiplatelet drug use, statin use, angiotensin-converting enzyme inhibitor use, and β-blocker use (Table II in (Table II in the onlineonly Data Supplement) and plaque cellularity, calcification, collagen content, elastin content, inflammatory infiltration, and neovascularization (all were measured by using 8-point semiquantitative/ordinal scales). Using this method, semiquantitative (ordinal) outcome measures need not to be dichotomized. Proportional odds assumption for ordinal regression was tested using the test of parallel lines.
Multinomial regression was applied to assess the association between the independent variables (adjusted for risk factors/confounders listed in Table II in the online-only Data Supplement) and the type of plaque as the dependent nominal outcome.
Continuous variables were compared using the Student t test. Nominal variables were compared using Fisher exact test. All statistical tests were performed 2-sided using an α-level of 0.05. 
Results
Stability of the Plaque
Classification of the Plaque
The relative distribution of plaque types and the raw numbers are shown in Figure 1 . Type V plaques were classified as unstable in 24.1% of samples. In contrast, type VI plaques were unstable in 65.3%, type VII in 57.5%, and type VI/VII in 65.0%. Fisher exact test showed that plaque stability was not independent of the distribution of the plaque type (P<0.001).
Fitting analysis for multinomial regression model revealed that the full model (variables listed in Table II in the onlineonly Data Supplement) fit significantly better than the null (intercept only) model (χ 2 , 148.5; df=42; P<0.001). Likelihood ratio tests showed that the overall effects of age, sex, and history of neurological symptoms were statistically significant The given values are odds ratio (95% confidence interval) for having a plaque type listed in the first column versus having a plaque type listed in header row, when comparing men with women (sex), symptomatic with asymptomatic patients (symptoms), and older with younger patients (age per 10-year increase). CP indicates complex plaque.
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(P=0.009, P<0.001, and P=0.017, respectively). All parameter estimates (OR, CIs, and P values) are shown in Table 2 and Figure 2 . Detail effect plots including confidence bands are shown in Figure I 
Histological Characteristics of the Plaque
All tests of parallel lines were not significant. This indicated that the proportional odds assumption could not be rejected and the (one equation) ordinal regression model could be considered valid. Figure 3 shows the association between age, sex, and history of neurological symptoms and the histological characteristics of carotid plaques ( 
Discussion
This study revealed that plaque morphology differed significantly between men and women and changes with age. Certain types of plaques (especially type VI and VI/VII, both with intraplaque hemorrhage) and plaques with thin fibrous caps were significantly associated with a history of neurological symptoms. Thus, this study reinforces the view that early detection of type VI plaques (or plaque hemorrhage) or a thin fibrous cap is a promising approach to identify patients at risk for stroke.
In our study, thin fibrous caps (<200 µm) were slightly more frequent in men than in women (OR, 1.12), but this was not statistically significant (P=0.530). In contrast, in the study by Ota et al, 24 the latter association showed the same trend but was found to be statistically significant (P=0.047), although with a broad CI. These differences might not qualify as a contradiction and are most likely due to different methods of measurement (magnetic resonance imaging versus histology).
Interestingly, compared with women, we found that men were generally more likely to have type VI or VI/VII plaques (atheromatous, containing mainly intraplaque hemorrhage or extensive calcification) than type VII or V plaques. This is in line with one of the largest comparable studies analyzing the effect of sex on plaque morphology. In the aforementioned study of 450 carotid specimens, Hellings et al 15 showed that atheromatous plaques were also more frequent in men than in women. In accordance with our findings, inflammatory infiltrates (macrophages) were also found to be increased in men compared with women. 15 In a recent in vivo magnetic resonance imaging study, Ota et al 24 found that the prevalence of intraplaque hemorrhage and type VI plaques was higher in men than in women. In addition, in a more recent study evaluating the association between sex and plaque type, Vrijenhoek et al 25 determined that the presence of plaque hemorrhage was also higher in men than in women.
In summary, the findings from our investigation and other studies showed that male sex is most likely associated with increased neovascularization, increased inflammatory infiltration, and a higher prevalence of type VI plaques (atheromatous plaques, including plaque hemorrhage). Plaque hemorrhage has already been considered an important vulnerable plaque component that was shown to be associated with increased risk of stroke in clinical studies. [26] [27] [28] In addition, intraplaque hemorrhage noninvasively detected on magnetic resonance imaging was demonstrated to be a strong predictor for cerebrovascular events and might therefore be used for noninvasive risk stratification. [29] [30] [31] However, contradictory results have also been published showing that there is no association between plaque hemorrhage and microembolic signals 32 or the risk of stroke on a histopathologic analysis. 33 In this study, elderly patients were more likely to have type VII plaques (calcified) or type VI/VII plaques (atheromatous, plaque hemorrhage, or calcification) than type V plaques (fibromatous). Comparable results were found in a study on 383 carotid atherosclerotic plaques harvested from patients Table 2 .
by guest on October 2, 2017 http://stroke.ahajournals.org/ Downloaded from aged 39 to 89 years. 17 The authors showed that with aging, a decrease in fibrous plaques and an increase in atheromatous plaques could be observed. 17 Studies published by the group of Gerard Pasterkamp have also shown that plaques of elderly patients had a higher degree of plaque calcification and larger atheromas but less amounts of smooth muscle cells. 3, 17 Furthermore, fibrous plaques were found to be more stable, whereas atheromatous plaques and inflammatory plaques were more frequently associated with neurological symptoms. 14 In accordance with these findings, in our study, the level of plaque calcification was found to be significantly higher in elderly people. In addition, the content of collagenous fibers was also higher, although this was only a trend and was not statistically significant.
Interestingly, plaque stability (thin fibrous cap thickness, ≥200 µm) was not associated with age in our study. This is in line with the Oxford plaque study that also did not find any statistically significant association between plaque stability (using the same definition) and age. 16 In contrast, other previous studies have reported that increased age was associated with decreased plaque stability. 3 These differences are most likely due to different ) between sex, age, the presence of neurological symptoms, and the histological characteristics of carotid plaques. All results were adjusted for arterial hypertension, diabetes mellitus, hyperlipidemia, smoking, medication (antiplatelet drugs, statins, angiotensin-converting enzyme inhibitors, and β-blockers), and history of coronary heart disease or history peripheral artery diseases. Further details are given in Table III in the online-only Data Supplement.
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definition criteria of plaque stability/vulnerability used in these studies.
Another interesting finding of our study is that no significant differences were observed between atherosclerotic type VI plaques and complex lesions (type VI/VII) in terms of history of neurological symptoms (Figure 2) . Accordingly, these results indicate that plaque calcification may not have a protective effect as was previously suggested. Currently, the impact of calcification on plaque stability is not clearly defined in the literature. Although Davaine et al 34 showed that vascular calcification is associated with plaque stability, other studies revealed ambiguous results. 26, 33, 35 Howard et al 33 did not find any relationships between calcification, intraplaque hemorrhage, or lymphocyte infiltration and stroke occurrence. In accordance with the latter findings, our study confirmed the assumption that increased calcification or higher amounts of inflammatory infiltration were also not associated with a history of neurological symptoms. Future analyses involving indepth characteristics of the calcification pattern (eg, patchy versus coalesced) will likely be more meaningful in investigations of the impact of calcification on plaque stability.
26
Limitations
Although our study included a large number of atherosclerotic plaques harvested from unselected and consecutively treated patients, some important points that may have compromised the validity of our results must be mentioned.
The most important shortcoming is that this investigation was an observational study with cross-sectional design. Thus, only associations rather than causal effects of any individual factors could be analyzed. In addition, the statistical models applied only to the estimation of ORs that usually slightly overestimate the underlying effects (relative risks). Nevertheless, it is a major strength of multinomial regression models that all effect measures (OR) could be simultaneously adjusted for the other factors (Table II in the online-only Data Supplement), resulting in so-called independent effect measures.
By default, surgical treatment was performed using eversion endarterectomy allowing for en bloc removal of the plaque. In contrast, endarterectomy with patch plastic needed to be applied in some cases for morphological reasons. Therefore, some plaques were cut along and the relevant portion of lesion or the thinnest part of fibrotic cap may have been destroyed. In addition, the method for selecting the relevant segment of a plaque remains to a certain degree subjective, although in this study, it was applied in a standardized fashion. In other studies on this topic, the culprit lesion was defined directly as the portion of the plaque showing the highest plaque burden, without providing an exact definition. 33, 36, 37 However, neither totally objective nor international standardized methods for identifying the relevant culprit lesions are readily available. This point should be taken into account when interpreting studies that have analyzed carotid plaque histology.
Measurements of cellularity, calcification, collagen content, elastin content, inflammatory infiltration, and neovascularization were performed only in a semiquantitative fashion; however, all specimens were analyzed by the same team of independent and experienced investigators. Nevertheless, absolute outcome values may be different when analyzed by other investigators, but the relative order would be most likely the same. Therefore, applying an ordinal scale level should have minimized any potential bias. In addition, it is a major strength of ordinal regression modeling that ordinal outcome variables (eg, semiquantitative histological measures) need not to be dichotomized and analyses could be adjusted for typical confounders.
Summary/Conclusions
In summary, the results of this study emphasize the assumption that plaque morphology differs significantly between men and women and changes with age. Certain subtypes of lesions (type VI and VI/VII, predominately plaque hemorrhage with or without calcification) and plaques with thin fibrous caps were significantly associated with a history of neurological symptoms in our patient cohort. Because of the applied statistical methods, all stated effects could be considered independent from each other and adjusted for the analyzed risk factors.
From a histopathologic point of view, this study emphasizes the assumption that atherosclerotic plaque composition and consequently the potential risk for stroke should be differentially considered in male and female patients, as well as in elderly patients in comparison with younger affected individuals. Read in conjunction with other reports, 27, [29] [30] [31] this study reinforces the view that early detection of specific plaque types (first of all type VI lesions, including intraplaque hemorrhage) or plaques with thin fibrous caps might be a promising approach to identify patients who are potentially at risk for stroke. 
SUPPLEMENTAL MATERIAL Supplemental
VI
Complicated atheroma: in addition to lesion V, thrombotic deposits and/or hematomahemorrhage, more often unstable lesions with erosion or ulceration of the surface, impairment of ECs.
VII
Calcific lesion: similar to lesion V but with calcium deposits that replace the accumulated remnants of dead cells and extracellular lipids.
VIII
Fibrotic lesion: large lesions with small lumen consisting almost entirely of scar collagen, lipid components are minimal or absent.
VI/VII
Complex lesions: similar to lesion VI but with extensive amount of calcium deposits (as found in type VII lesions). Elastin deposition Inflammatory infiltrates Neovascularization # These variables were entered a-priori into the regression models as they were considered possible confounders of the associations to be analyzed in this study 6 . 
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